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ABSTRACT:
A prior thermal (pre-curing) treatment of mixtures of epoxy monomer and amino-functionalized carbon nanotubes (CNTs) was used to promote a chemical reaction between the matrix and the reinforcement, favouring the formation of a strong interface. Samples of epoxy resin and different weight percentages of amino-functionalized multi-walled CNTs were prepared with and without the pre-curing treatment (150ºC, 1 hour). The degree of dispersion of the nanofiller was better when this pre-curing treatment was used. This allowed a higher CNT content while keeping a high sample homogeneity. Without the pre-curing step, the addition of CNTs increases both the flexural strength and strain to failure by 45%. Moreover, with the pre-curing step, the nanocomposite with 0.25 wt % CNTs presents an increase of flexural strength by 58% and strain to failure by 68% regard to neat epoxy resin.
Introduction
Composites reinforced with CNTs are being widely researched for over a decade. Dramatic improvements are expected in their thermal, mechanical and electrical behaviour. Epoxy resins are well established as thermosetting matrices of advanced composites displaying a series of promising characteristics for a wide range of applications. So the incorporation of CNTs into epoxy resins presents numerous potential applications, including aerospace and automobile materials, due to the expected increase of their use temperature, their low density and their improved mechanical properties.
Besides, the development of CNT/epoxy composites opens new perspectives for multi-functional materials, e.g., conductive polymers with improved mechanical performance and with a perspective of damage sensing and "life"-monitoring [1, 2] .
Despite the promising developments for CNT/epoxy composites, the inherent processing difficulties, such as dispersion and interphase control, have caused mechanical performance to fall short of theoretical predictions. The most common procedure used to overcome this problem is to try to get an effective CNT surface grafting, addressing both issues, dispersion and interface stress transfer [3] [4] [5] . Numerous grafting methods have been employed to introduce a variety of molecules onto CNTs [6] [7] [8] . One of them is based on aminofunctionalization of CNTs. Kim et al. [9] confirmed that the amino-functionalized CNTs exhibit higher surface energy and much better wettability with epoxy resin than the pristine CNTs, inhibiting the nanotube re-agglomeration during the curing of the resin. In fact, several works confirm the better thermal and mechanical performance of epoxy composites reinforced with amino-3 functionalized CNTs when compared to the untreated ones [9] [10] [11] . However, direct evidences of covalent interactions between the modified CNT and epoxies have not been reported. This is presumably due in part to the low concentration of functional groups on the CNT surface when dispersed into epoxy resin/curing agent mixture which makes it difficult to pinpoint the reaction.
Abdalla et al. [12] confirmed that the differences in the way the epoxy agent reacts with the modified nanotubes can result in steric and electronic differences that can in turn affect the cure and this invariably translate to differences in the crosslinking topology and hence the macroscale properties.
When the curing reaction is carried out on a mixture of epoxy monomer and amino curing agent with dispersed amino-functionalized CNTs, both kind of amine groups (from curing agent and from CNTs) compete to react with epoxide groups. Taking into account the low concentration of CNT added and the low percentage of amine groups linked over their surface, together with steric hindrances and diffusion problems of rigid nanotubes, it is obvious that the chemical reaction with the curing agent is more favoured. This implies that the amount of covalent bonds between epoxy matrix and amino-functionalized CNTs must be low. Differential scanning calorimetry (DSC) was used with the aim of determining the entalphy of the pre-curing reaction (epoxy monomer/CNT mixtures), but due again to the low amount of functional groups on the CNTs, any exothermic peak was not detected. However, a small change was observed in the glass transition temperature (T g ) of the epoxy monomer from -18 to -16ºC for precured CNT/epoxy mixtures, indicating that chemical reaction between aminofunctionalized CNT and epoxy rings of the monomer had occurred. Also, this was confirmed indirectly determining the curing entalphy of the epoxy monomer/hardener/CNT mixtures pre-cured and without any thermal treatment.
In this case, the heat of reaction was 2-3 kJ/epoxy equivalent lower for precured composites. This could mean that some of the oxirane rings of the epoxy monomer have previously reacted, during the pre-curing treatment, and thus they are not available for the curing with the hardener [14] .
Once it was proven the effectiveness of the pre-curing treatment in promoting the chemical reaction between the epoxy monomer and the aminofunctionalized multi-walled carbon nanotubes, in this work we study its effect on the properties of the CNT/epoxy composites. A stronger interface between the nanofiller and the matrix should improve the load transfer, increasing the mechanical properties.
Experimental

Materials
The experiments were performed with multi-walled carbon nanotubes (MWCNTs) produced through catalytic carbon vapour deposition by Nanocyl The length ranges were estimated from one hundred nanometers to one micrometer.
Composites were made from epoxy, diglycicyl ether of bisphenol A (DGEBA) whose equivalent weight is 178 g/epoxy equivalent, and a curing agent, 4,4´-diaminediphenylsulfone (DDS) whose equivalent weight is 62.1 g/amine hydrogen. Both compounds were purchased from Sigma-Aldrich Chemical.
Fabrication of CNT/epoxy composites
According to the procedure optimized in a previous work [15] , CNTs were first dispersed in chloroform, by magnetic stirring at 45ºC for 30min, before adding the monomer epoxy. This DGEBA-CNT-chloroform mixture was stirred with high shear mechanical mixer at 45ºC for 30 min and then was sonicated for 45 min at the same temperature. The resulting mixture was degassed at 90ºC for more than 12 h in order to eliminate the remaining chloroform and the trapped air.
Half of the samples were subjected to pre-curing treatment, involving of heating at 150ºC for 1h. This treatment was carried out with mechanical stirring at approximately 150 rpm. Then the hardener was added in stoichiometric ratio.
The composite resin was molded in a steel mould and cured at 210ºC for 3h.
Composites, pre-cured and non-pre-cured, containing different weight fraction (i.e. 0, 0.25 and 0.40 wt%) of amino-functionalized CNTs were prepared.
Characterisation
In order to qualitatively determine the dispersion of CNTs, the composites were Finally, the electrical measurements were made using Megohmmeter Chauvin Arnoux (CA 6533), according to ASTM D4496. The specimens were silverpasted to minimize the contact resistance between the composite and the electrodes.
Results and discussion
Morphology of composites
In order to evaluate the dispersion state of the amino-functionalized CNTs in the epoxy resins, the fracture surfaces obtained by flexural test of the composites were observed by FEG-SEM microscopy. Figure 1 and 2 show the composites with 0.25 and 0.4 wt% CNTs, non-treated (left) and whose CNT/DGEBA mixtures were previously thermal treated at 150ºC for 1 h (right). At first glance, it is confirmed that the dispersion degree reached on the pre-cured samples is better than the non-treated ones. Large CNT agglomerates were clearly seen from the non-treated composites. These agglomerates were almost absent in the pre-cured samples, confirming that i) the dispersion of CNTs was enhanced significantly due to the thermal pre-curing treatment and ii) the improved dispersion was stabilised and maintained after the epoxy resin was fully cured.
Also, long nanotubes were pulled out from the matrix when the samples were 8 not pre-cured ( fig. 1b, 1c) , suggesting weak CNT-matrix adhesion. In contrast, the pull-out CNTs were very short in a small number (fig 1e, 1f) on pre-cured composites, because the pre-curing treatment induces a strong adherence to the matrix due to the covalent bonds [9] .
There are several possible fracture mechanisms of CNTs, such as pull out caused by CNT/matrix debonding in the case of weak interfacial adhesion, rupture of CNT-strong interfacial adhesion and bridging and partial debonding of interface-local bonding to the matrix enables crack bridging and interfacial failure in the non-bonded regions [10] . As observed in Figure 1 , in the pre-cured composites, the nanotubes are embedded and tightly held to the matrix and they are broken instead of bending pull out during bending test, which indicates the existence of interfacial bonding between amino-functionalized CNTs and the epoxy matrix [11] . On the other hand, the density of non-treated composites with high nanoreinforcement percentage drops. This is associated with the presence of defects, such as the formation of large agglomerations.
Thermal and mechanical properties of composites
The addition of carbon nanotubes should improve the thermal and mechanical performance of epoxy resins. Figure 4 shows the variation of storage modulus, loss modulus and loss tangent with the temperature obtained from DMTA analysis. Table 1 collects the values of -relaxation and -relaxation temperature of the composites, measured as the maximum of the tan δ curves, which were calculated by dividing the loss modulus by the corresponding storage modulus. The values of storage modulus in the glass region (at 30ºC) and in the rubbery plateau (at 250ºC) are also shown.
A strong effect of CNTs on the storage modulus of the composites in the glass region was clearly observed. The storage modulus proportionally increases with the amount of CNTs added. Further, the samples which were subjected to a previous pre-curing treatment present more pronounced increases. So, the increase on the modulus of pre-cured composite with 0.40% CNTs was 45% at room temperature regard to the one of neat epoxy resin. This effect can be attributed to the better CNT dispersion and improved interfacial interaction between amino-functionalized CNTs and epoxy matrix due to the formation of covalent bonds for the pre-curing thermal treatment.
Non clear differences were observed on the -relaxation temperature. However, the -relaxation temperature, which can be associated to the glass transition temperature, lightly increases with the CNT addition due to the reduction of the mobility of the local resin around CNTs [16] . The pre-curing treatment did not seem induce any effect in the relaxation temperatures, which can be again explained by the low number of amino-groups on the nanotubes.
The peak height of loss modulus presents a continuous decrease with the percentage of CNTs added together with a widening of peak. However, for the same nanotube content, the pre-cured composites have narrower and higher loss modulus peaks. This behaviour can be associated to the improvement on the CNTs dispersion when the pre-curing treatment is applied. The good dispersed nanotubes must dissipate energy due to resistance against viscoelastic deformation of the surrounding epoxy matrix [17] . Also, the covalent bonds between amino-functionalized CNTs and epoxy improved the efficiency of load transfer from matrix to fillers, resulting in an increase in loss modulus due to more energy loss and dissipation in composites [9] . The decrease of E´´ for higher nanotube contents can be interpreted by an increasing susceptibility of agglomeration, leading to less energy dissipating in the system under viscoelastic deformation. This effect has been already observed by other authors [17] .
On the other hand, the tan peaks associated to glass transition were broader and shoulders with both, CNT content and pre-curing treatment. These phenomena can be attributed to the covalent bonds between epoxy and aminofunctionalized CNTs, inducing different crosslinking regions into the epoxy matrix.
It is known that the mechanical properties of fiber-reinforced composites strongly depend on extend of load transfer between the matrix and filler [18] . As shown in Figure 5 , the general tendency of the flexural strength and strain is an increase by the addition of CNTs. The epoxy resin reinforced with 0.40% CNTs presents increases of 45% in both, flexural strength and strain. The flexural modulus slightly increases, from 3.4 GPa for neat epoxy resin to 3.6 GPa for the nanocomposite with 0.4wt % CNTs. However, at lower CNT contents, the composite with 0.25% CNT, which was subjected to pre-curing thermal treatment, shows improved mechanical properties, increasing 58% and 68% in strength and strain, respectively, regard to the pristine epoxy resin. Comparing the mechanical properties of epoxy nanocomposites with 0.25 wt %, the thermal pre-curing treatment induces an increase of 24% and 39% in strength and strain to failure, respectively. This is indicating that the pre-curing treatment induces interfacial bonding, which enables an effective stress transfer between epoxy matrix and the amino-functionalized CNTs. This also means that the addition of amino-functionalized CNTs into thermoset polymer can increase the fracture energy because the crack propagation can be blunted by bringing up the crack faces of nanotubes [18] . It is interesting to stand out the important increase of the strain of composites regard to the brittle epoxy resin. Most current toughening methods, e.g. rubber and thermoplastic blends, can effectively increase the toughness, but with sacrifice of the mechanical strength [19] . Also, with strong covalent bonding, the nanotubes offer extra benefits to increase the strain to failure.
In conventional fiber-reinforced composites, the strain usually drastically drops.
However, carbon nanotubes present a particular reinforcement with high aspect ratio and highly flexible elastic behaviour during load, which are very different from micrometer-size fibers [19] . Additionally, the curved CNTs are typically twisted and entangled and can therefore continuously stretched. By means of strong interfacial bonding with crosslinked matrix, promoted by the pre-curing treatment, such behaviour contributes to continuous absorption of energy and results in increased strain in the epoxy thermoset.
Taking into account experimental scatter, the pre-cured treatment seems not so effective at the maximum CNT content studied (0.4 wt %). In fact, the strength and strain to failure for these nanocomposites are lower than the ones of precured sample with 0.25% wt. This is due to the presence of defects associated to the high nanoreinforcement content. This allows us to state that in the manufacture of this kind of nanocomposites, it is more important to reach a good dispersion degree and a right load transfer between nanoreinforcement and matrix than the increase of the added content of nanotubes.
The fracture surfaces of epoxy composites are shown in Figure 6 , which were captured by SEM. The epoxy resin presents the typical characteristics of brittle fracture. The surface is smooth, with very directionally deformation lines, which means that the crack propagated is not interrupted. However, the fracture surfaces of composites seem be rougher. The ridge patterns and rivers marks indicate that the composites presented a more ductile fracture. The pre-cured composites, specially that reinforced with 0.25 wt% CNT, also show changes of fracture planes, the crack deviated from its original plane, indicating crack path deflection. This means that the energy required for the propagation of the crack increased. This is in accordance to the obtained results on mechanical characterisation (figure 5), where it was concluded that the sample with best mechanical properties (with highest strength and strain to failure) was the precured one with 0.25 wt % CNT.
Electrical properties of composites
The epoxy resins are electrical insulator materials, whose electrical resistivity reaches values up to 10 17 -10 18 .cm. When its application requires it, in order to decrease its very high electrical resistivity, the epoxy resins are commonly filled with electrical particles, such as carbon black or silver pellets. These fillers do not increase generally the mechanical properties. For it, one of the alternative approaches more studied in the last years, it is the addition of carbon nanoreinforcement due to the well known high electrical conductivity of the carbon nanotubes.
The electrical resistivity of the composites was measured as function of CNT content and the pre-curing treatment applied. Figure 7 shows the obtained results. As it can be seen, the electrical resistivity drastically drops with the addition of CNTs, in more than 13 magnitude orders. But this fall does not depend on the nanotube contents. This means that the studied nanoreinforcement contents are higher than the percolation threshold, which is the minimum filler concentration from which a three dimensional conductive network is formed and the electrical resistivity falls drastically.
The thermal pre-curing treatment decreases even more the electrical resistivity of the composites. This could be associated to the better dispersion of the nanometric reinforcements which avoids the appearance of agglomerates, which could act as impediments to the flow of electrical current.
Conclusions
This study has demonstrated that the application of previous thermal treatment 
